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DESY 06-105Polarized Light Propagating in a Magneti
 Field as a Probe of Milli
harged FermionsHolger Gies,1, � Joerg Jae
kel,2, y and Andreas Ringwald2, z1Institut f�ur Theoretis
he Physik, Universit�at Heidelberg,Philosophenweg 16, D-69120 Heidelberg, Germany2Deuts
hes Elektronen-Syn
hrotron DESY, Notkestra�e 85, D-22607 Hamburg, GermanyPossible extensions of the standard model of elementary parti
le physi
s suggest the existen
e ofparti
les with small, unquantized ele
tri
 
harge. Photon initiated pair produ
tion of milli
hargedfermions in an external magneti
 �eld would manifest itself as a va
uum magneti
 di
hroism. Weshow that laser polarization experiments sear
hing for this e�e
t yield, in the mass range below0.1 eV, mu
h stronger 
onstraints on milli
harged fermions than previously 
onsidered laboratorysear
hes. Va
uum magneti
 birefringen
e originating from virtual pair produ
tion gives a slightlybetter 
onstraint for masses between 0.1 eV and a few eV. We 
omment on the possibility that theva
uum magneti
 di
hroism observed by PVLAS arises from pair produ
tion of su
h milli
hargedfermions rather than from single produ
tion of axion-like parti
les. Su
h a s
enario 
an be 
on�rmedor �rmly ex
luded by a sear
h for invisible de
ays of orthopositronium with a sensitivity of about10�9 in the 
orresponding bran
hing fra
tion.PACS numbers: 14.80.-j, 12.20.FvThe apparent quantization of the ele
tri
 
harges ofall known elementary parti
les { i.e., the fa
t that theyappear to be integer multiples of the ele
tri
 
harge ofthe d quark { is a long standing puzzle of fundamentalinterest. Strong experimental upper limits on the ele
-tri
 
harge of neutrons, atoms, and mole
ules [1, 2, 3℄,Q < O(10�21) e, with the magnitude of the ele
tron ele
-tri
 
harge e, as well as on the magneti
 moments of theneutrinos [4℄, �� < O(10�10)�B , with the Bohr mag-neton �B = e=2me and the ele
tron mass me, stronglysupport the idea that 
harge quantization is a funda-mental prin
iple. However, the standard model of par-ti
le physi
s with three generations of quarks and lep-tons does not impose 
harge quantization [5℄. One needsphysi
s beyond the standard model in order to enfor
eit, as is demonstrated by Dira
's seminal argument for
harge quantization based on the hypotheti
al existen
eof magneti
 monopoles [6℄. Whereas some extensions ofthe standard model, e.g. grand uni�ed theories, provideme
hanisms for enfor
ing 
harge quantization, other pos-sible extensions suggest the existen
e of parti
les of small,unquantized 
harge Q� = �e, with �� 1 [7, 8, 9, 10, 11℄.There are a number of experimental and observationalbounds on the fra
tional ele
tri
 
harge � and on themass m� of hypotheti
al milli
harged parti
les, 
omingfrom laboratory experiments, astrophysi
s and 
osmol-ogy [12, 13, 14, 15, 16, 17, 18℄ (for a re
ent review andfurther referen
es, see Ref. [19℄). In the sub-ele
tron massregion, m� < me, the best laboratory-based bounds onmilli
harged fermions, � < O(10�4), 
ome from sear
hesfor the invisible de
ay of orthopositronium [20℄ and froma 
omparison [19℄ of Lamb-shift measurements [21, 22℄with predi
tions of quantum ele
trodynami
s (QED) (
f.Fig. 1). Stronger, albeit more model-dependent boundsarise through astrophysi
al and 
osmologi
al 
onsidera-tions. For example, stellar evolution 
onstraints [25℄ yield

a bound � < O(10�14), form� < O(10 keV), whereas su
-
essful big bang nu
leosynthesis leads to the restri
tion� < O(10�9), for m� < O(1 MeV).In the present Letter, we want to investigate whethersear
hes exploiting laser polarization experiments 
angive 
ompetitive 
onstraints on milli
harged fermions,most notably in 
omparison to other laboratory sear
hes.
FIG. 1: Laboratory-based upper limits on the fra
tional ele
-tri
 
harge � = Q�=e of a hypotheti
al milli
harged fermionof mass m�. The \Beam dump" limit has been derivedin Ref. [13℄ from a beam-dump sear
h for new neutrino-like parti
les at SLAC [23, 24℄. The \Orthopositronium"limit stems from a limit on the bran
hing fra
tion of invis-ible orthopositronium de
ay [20℄. The \Lamb shift" limit
omes from a re
ent 
omparison [19℄ of Lamb shift measure-ments [21, 22℄ with QED predi
tions. The \BFRT di
hro-ism/birefringen
e" limit arises from the upper limit on va
-uum magneti
 di
hroism/birefringen
e pla
ed by the laser po-larization experiment BFRT [36℄ (see text).



2It is theoreti
ally well established in QED that photon-initiated ele
tron-positron pair produ
tion, 
 ! e+e�, inan external magneti
 �eld [26, 27, 28, 29, 30, 31, 32, 33,34, 35℄ manifests itself as a va
uum magneti
 di
hroism:the polarization ve
tor of an initially linearly polarizedphoton beam with energy ! > 2me in general is rotatedafter passing a transverse magneti
 �eld. However, be-
ause of its high threshold energy, this e�e
t has not beendete
ted in the laboratory yet. Re
ent past, present day,and near future instruments for the dete
tion of va
uummagneti
 birefringen
e and di
hroism, su
h as BFRT [36℄,PVLAS [37℄, Q&A [38℄, BMV [39℄, and proposed ex-periments at CERN [40℄ and in Jena [41℄ exploit pho-ton beams with energies ! = O(eV). Correspondingly,they may be sensitive to va
uum magneti
 di
hroism in-du
ed by the produ
tion of fermion anti-fermion pairswith mass 2m� < ! = O(eV). Similarly, they may alsobe sensitive to va
uum magneti
 birefringen
e 
aused bythe virtual produ
tion of these light milli
harged parti-
les, whi
h indu
es ellipti
ity of the laser beam in themagneti
 �eld.Let us �rst 
onsider di
hroism. Let ~k be the momen-tum of the in
oming photon, with j~kj = !, and let ~B bea stati
 homogeneous magneti
 �eld, whi
h is perpendi
-ular to ~k, as it is the 
ase in all of the above-mentionedpolarization experiments. The photon-initiated produ
-tion of a Dira
-type fermion anti-fermion pair, with ele
-tri
 
harge Q� = �e and mass m�, at ! > 2m�, leadsto a non-zero di�eren
e between the photon absorption
oeÆ
ients �k and �?, 
orresponding to photon polariza-tions parallel or perpendi
ular to ~B. The fa
t that theabsorption 
oeÆ
ients for the two polarizations, k and?, are di�erent dire
tly leads to di
hroism: for a linearlypolarized photon beam, the angle � between the initialpolarization ve
tor and the magneti
 �eld will 
hange to� + �� after passing a distan
e ` through the magneti
�eld, with
ot(� +��) = EkE? = E0kE0? exp��12(�k � �?)`� : (1)Here, Ek;? are the ele
tri
 �eld 
omponents of the laserparallel and perpendi
ular to the external magneti
 �eldand the supers
ript \0" denotes initial values. For smallrotation angle ��, we have�� ' 14(�k � �?)` sin(2�): (2)Expli
it expressions for the photon absorption 
oeÆ-
ients �k;? 
an be inferred from the literature on 
 !e+e� in a homogeneous magneti
 �eld [27, 28, 29, 30,31, 32, 33, 34, 35℄:�k;?` = 12�3e�B`m� Tk;?(�) (3)= 1:09� 106 �3� eVm���BT��m̀� Tk;?(�);

where � = e2=4� is the �ne-stru
ture 
onstant. Here,Tk;?(�) has the form of a parametri
 integral [33℄,Tk;? = 4p3�� 1Z0 dv K2=3� 4� 11� v2�� h�1� 13v2�k ; �12 + 16v2�?i(1� v2) (4)= 8<: q32 e�4=� �(12)k; (14 )?� for �� 12��( 16 )�( 136 )��1=3 �(1)k; (23)?� for �� 1 ;the dimensionless parameter � being de�ned as� � 32 !m� �eBm2� = 88:6 � !m� � eVm��2�BT� : (5)The above expression has been derived in leading orderin an expansion for high frequen
y,!2m� � 1; (6)and of high number of allowed Landau levels of the mil-li
harged parti
les,NLandau = 124 � !2� eB�2 � 1: (7a)Let us remark that expression (4) was originally de-rived in Ref. [33℄ in the more restri
tive high-frequen
y!=2m� � 1 and weak-�eld limit � eB=m2� � 1, in agree-ment with the results of Refs. [27, 28, 29, 30, 31℄. Thesein turn agree with the result of Ref. [34℄ whi
h are ob-tained with the 
onditions (6) and (7a). Intuitively, we
an understand the nature of this approximation as fol-lows. Expression (4) is a rather smooth fun
tion of thefrequen
y !. However, from the dis
rete nature of theLandau levels we would rather expe
t absorption peaks.Yet, if the peaks are very dense we 
annot resolve themand we have to average over a small frequen
y interval�!, yielding the smooth fun
tion (4). Averaging is al-lowed if we have a large number of peaks �Npeaks in theinterval �!,�Npeaks = 12�NLandau = 112 � !2� eB�2 �!! � 1 (7b), �� 4:89� 10�3 � !eV�2�TB���!! � 12 :This expression agrees with (7a) up to a fa
tor of�!=(2!) whi
h takes the un
ertainty in the frequen
yinto a

ount. In the above-mentioned laser polarizationexperiments, a 
avity is used to re
e
t the laser beamba
k and forth, thereby enhan
ing the signal. In that



3
ase, the frequen
y un
ertainty is �!=! � 1=Nr, whereNr is the number of re
e
tions in the 
avity.At present, the most stringent bound on va
uum mag-neti
 di
hroism 
omes from the BFRT laser polarizationexperiment [36℄. A linearly polarized laser beam (! =2:41 eV) was sent along the magneti
 �eld of two super-
ondu
ting dipole magnets (B = 2 T), whi
h were pla
edin an opti
al 
avity with Nr = 254 re
e
tions, su
h thatthe opti
al path length was ` = Nr � 8:8 m ' 2235 m.An upper limit on the absolute value of the rotation,j��j < 6� 10�10 (95% 
on�den
e level); (8)was obtained. This 
an be turned into an upper limit on�, as a fun
tion of m�, by exploiting the predi
tions (1)-(4) for �� from photon-initiated pair produ
tion of mil-li
harged fermions in an external magneti
 �eld. The re-sulting limit is displayed in Fig. 1 and labelled as \BFRTdi
hroism". Clearly, for small masses, m� . 0:1 eV,this represents 
urrently the best laboratory limit on mil-li
harged fermions.Let us now turn to birefringen
e. The propagationspeed of the laser photons is slightly 
hanged in the mag-neti
 �eld owing to the 
oupling to virtual 
harged pairs.The 
orresponding refra
tive indi
es nk;? di�er for thetwo polarization modes, 
ausing a phase di�eren
e be-tween the two modes,�� = !`(nk � n?): (9)This indu
es an ellipti
ity  of the outgoing beam,j j = !2̀ j(nk � n?) sin(2�)j for  � 1: (10)Virtual produ
tion 
an o

ur even below threshold! < 2m�. Therefore, we 
onsider both high and lowfrequen
ies. As long as (7b) is satis�ed one has [42℄nk;? = 1� �2�4� �� eBm2� �2 Ik;?(�); (11)withIk;?(�) = 2 13 � 3�� 43 Z 10 dv ��1� v23 �k ;�12 + v26 �?�(1� v2) 13�~e00 h�� 6� 11�v2 � 23 i (12)=8<: � 145 �(14)k; (8)?� for �� 197 � 12 2 13 (�(( 23 ))2�( 16 ) ��4=3 �(3)k; (2)?� for �� 1 :Here, ~e0 is the generalized Airy fun
tion,~e0(t) = Z 10 dx sin�tx� x33 � ; (13)

FIG. 2: Laboratory-based upper limits on the fra
tional ele
-tri
 
harge � = Q�=e of a hypotheti
al milli
harged fermion ofmass m� (same as in Fig. 1). The parameter values betweenthe two lines labelled \PVLAS di
hroism" 
orrespond to thepreferred 95% 
on�den
e region if the PVLAS rotation is in-terpreted as orginating from pair produ
tion of milli
hargedfermions. The dashed limit labelled \Orthopositronium (fu-ture)" 
orresponds to the proje
ted 95% ex
lusion limit ob-tainable through a sear
h for invisible orthopositronium de-
ay with a sensitivity of 10�9 in the 
orresponding bran
hingratio.and ~e00(t) = d~e0(t)=dt. Using the parameters for theBFRT birefringen
e measurement, ! = 2:41 eV, B =2 T, Nr = 34, and ` = Nr � 8:8 m, their upper limit onthe ellipti
ity,j j < 2� 10�9 (95% 
on�den
e level); (14)leads to the limit depi
ted in Fig. 1, whi
h is the 
urrentlybest laboratory limit in the range 0:1 eV . m� . 3 eV.Let us �nally remark that all our limits remain valid form� & 10�2 eV, even if we impose the more stri
t valid-ity 
onstraint �eB=m2� � 1 for Eqs. (4) and (12). Fora 
he
k of the quantitative 
onvergen
e of the underly-ing expansion for m� . 10�2 eV, a next-to-leading order
al
ulation may ultimately be needed.Re
ently, the PVLAS 
ollaboration reported the ob-servation of an opti
al rotation generated in va
uum bya magneti
 �eld [37℄,j��j=Nr = (3:9� 0:5)� 10�12: (15)The experimental parameters in their setup were ! =1:17 eV, B = 5 T, Nr = 4:4� 104, and ` = Nr � 1 m. Ifinterpreted in terms of pair produ
tion of milli
hargedfermions, we obtain the preferred 95% 
on�den
e re-gion lying between the two bla
k lines labelled \PVLASdi
hroism" in Fig. 2. Apparently, at two standard devia-tions, this is in 
on
i
t with the limit from BFRT. Never-theless, the PVLAS result is very 
lose to the boundary



4of the ex
luded region for masses O(0:1 eV), and there-fore the pair-produ
tion interpretation still represents aremote alternative to the standard, axion-like-parti
le(ALP) interpretation of the PVLAS result [43, 44℄. Forboth interpretations, there are problems with the as-trophysi
al bounds [25℄ whi
h are diÆ
ult to avoid forALPs [45, 46, 47, 48℄. It remains to be seen whetherpair produ
tion provides easier ways to evade them.A promising way to test the parameter region aroundm� � 0:1 eV, � � 3 � 10�6, opens up in the near future,when the sensitivity of sear
hes for the invisible de
ay oforthopositronium rea
h the 10�9 level in the 
orrespond-ing bran
hing ratio [49℄ (
f. Fig. 2). Also, a PVLASbirefringen
e measurement 
an be expe
ted to explorethe interesting region around m� � 0:1 eV; a positivesignal would �x both parameters � and m� of hypothet-i
al milli
harged parti
les by reading o� the interse
tionpoint of the di
hroism and birefringen
e 
urves.In summary, polarizationmeasurements of laser beamstraversing intense magneti
 �elds provide a very sensitiveprobe of light milli
harged fermions in the laboratory. Inthe sub-eV range, already the limits inferred from thepioneering BFRT experiment are more than two ordersof magnitude better than other laboratory based limits.A
knowledgmentsA.R. would like to thank Eduard Masso, Javier Re-dondo, Carlo Rizzo, and Giuseppe Ruoso for an inspiringdis
ussion on ele
tri
 
harge quantization and neutralityof neutrons and atoms. HG a
knowledges support byDFG Gi 328/1-3.� Ele
troni
 address: h.gies�thphys.uni-heidelberg.dey Ele
troni
 address: jjae
kel�mail.desy.dez Ele
troni
 address: andreas.ringwald�desy.de[1℄ M. Marinelli and G. Morpurgo, Phys. Lett. B 137, 439(1984).[2℄ H. F. Dylla and J. G. King, Phys. Rev. A 7, 1224 (1973).[3℄ J. Baumann, J. Kalus, R. Gahler and W. Mampe, Phys.Rev. D 37, 3107 (1988).[4℄ A. V. Kyuldjiev, Nu
l. Phys. B 243, 387 (1984).[5℄ R. Foot, Mod. Phys. Lett. A 6, 527 (1991).[6℄ P. A. M. Dira
, Pro
. Roy. So
. Lond. A 133, 60 (1931).[7℄ A. Y. Ignatiev, V. A. Kuzmin and M. E. Shaposhnikov,Phys. Lett. B 84, 315 (1979).[8℄ L. B. Okun, M. B. Voloshin and V. I. Zakharov, Phys.Lett. B 138, 115 (1984).[9℄ B. Holdom, Phys. Lett. B 166, 196 (1986).[10℄ S. A. Abel and B. W. S
ho�eld, Nu
l. Phys. B 685, 150(2004).[11℄ B. Batell and T. Gherghetta, Phys. Rev. D 73, 045016(2006).[12℄ M. I. Dobroliubov and A. Y. Ignatiev, Phys. Rev. Lett.65, 679 (1990).[13℄ S. Davidson, B. Campbell and D. C. Bailey, Phys. Rev.D 43, 2314 (1991).

[14℄ R. N. Mohapatra and I. Z. Rothstein, Phys. Lett. B 247,593 (1990).[15℄ R. N. Mohapatra and S. Nussinov, Int. J. Mod. Phys. A7, 3817 (1992).[16℄ S. Davidson and M. E. Peskin, Phys. Rev. D 49, 2114(1994).[17℄ A. A. Prinz et al., Phys. Rev. Lett. 81, 1175 (1998).[18℄ S. L. Dubovsky, D. S. Gorbunov and G. I. Rubtsov, JETPLett. 79, 1 (2004) [Pisma Zh. Eksp. Teor. Fiz. 79, 3(2004)℄.[19℄ S. Davidson, S. Hannestad and G. Ra�elt, JHEP 0005,003 (2000).[20℄ T. Mitsui et al., Phys. Rev. Lett. 70, 2265 (1993).[21℄ S. R. Lundeen and F. M. Pipkin, Phys. Rev. Lett. 46,232 (1981).[22℄ E. W. Hagley and F. M. Pipkin, Phys. Rev. Lett. 72,1172 (1994.[23℄ T. W. Donnelly, S. J. Freedman, R. S. Lytel, R. D. Pe

eiand M. S
hwartz, Phys. Rev. D 18, 1607 (1978).[24℄ A. F. Rothenberg, SLAC Report No. 147, 1982 (unpub-lished).[25℄ G. G. Ra�elt, Stars As Laboratories For FundamentalPhysi
s: The Astrophysi
s of Neutrinos, Axions, andother Weakly Intera
ting Parti
les, University of Chi
agoPress, Chi
ago, 1996.[26℄ H. Robl, A
ta Phys. Austria
a 6, 105 (1952).[27℄ J. S. Toll, Ph.D. thesis, Prin
eton Univ., 1952 (unpub-lished).[28℄ N. P. Klepikov, Zh. Eksp. Teor. Fiz. 26, 19 (1954).[29℄ T. Erber, Rev. Mod. Phys. 38, 626 (1966).[30℄ V. N. Baier and V. M. Katkov, Zh. Eksp. Teor. Fiz. 53,1478 (1967) [Sov. Phys. JETP 26, 854 (1968)℄.[31℄ J. J. Klein, Rev. Mod. Phys. 40, 523 (1968).[32℄ S. L. Adler, Annals Phys. 67, 599 (1971).[33℄ W. y. Tsai and T. Erber, Phys. Rev. D 10, 492 (1974).[34℄ J. K. Daugherty and A. K. Harding, Astrophys. J. 273,761 (1983).[35℄ For a review, see W. Dittri
h and H. Gies, SpringerTra
ts Mod. Phys. 166, 1 (2000).[36℄ R. Cameron et al. [BFRT Collaboration℄, Phys. Rev. D47, 3707 (1993).[37℄ E. Zavattini et al. [PVLAS Collaboration℄, Phys. Rev.Lett. 96, 110406 (2006).[38℄ S. J. Chen, H. H. Mei, W. T. Ni and J. S. Wu [Q & ACollaboration℄, hep-ex/0308071.[39℄ C. Rizzo [BMV Collaboration℄, \Laboratory andAstrophysi
al Tests of Va
uum Magnetism: theBMV Proje
t," presented at the Se
ond JointILIAS-CAST-CERN Axion Training, May, 2006,http://
ast.mppmu.mpg.de/[40℄ L. Duvillaret et al., CERN Report No. CERN-SPSC-2005-034, 2005 (unpublished).[41℄ T. Heinzl et al., hep-ph/0601076.[42℄ W. y. Tsai and T. Erber, Phys. Rev. D 12, 1132, (1975).[43℄ L. Maiani, R. Petronzio and E. Zavattini, Phys. Lett. B175, 359 (1986).[44℄ A. Ringwald, J. Phys. Conf. Ser. 39, 197 (2006).[45℄ E. Masso and J. Redondo, JCAP 0509, 015 (2005).[46℄ P. Jain and S. Mandal, astro-ph/0512155.[47℄ J. Jae
kel, E. Masso, J. Redondo, A. Ringwald andF. Takahashi, hep-ph/0605313.[48℄ E. Masso and J. Redondo, hep-ph/0606163.[49℄ A. Rubbia, Int. J. Mod. Phys. A 19, 3961 (2004).

mailto:h.gies@thphys.uni-heidelberg.de
mailto:jjaeckel@mail.desy.de
mailto:andreas.ringwald@desy.de
http://arxiv.org/abs/hep-ex/0308071
http://cast.mppmu.mpg.de/
http://arxiv.org/abs/hep-ph/0601076
http://arxiv.org/abs/astro-ph/0512155
http://arxiv.org/abs/hep-ph/0605313
http://arxiv.org/abs/hep-ph/0606163

